I. INTRODUCTION I
One of the most important application of semiconductor quantum wells (QWs) is in the detection of infrared (IR) radiation by utilizing intersubband photo-transitions between quantum statesI2. Focal plane arrays of Quantum well infrared photodetectors (QWIP's) are of particular interest for generation of "IR images" in the 6-1 8 pm spectral band.
Operating these detectors at high temperatures is limited due to the dark current . generated from the quantum wells and the contact layers. The optimization of the QWP design requires the knowledge of the physical processes controlling the background dark current. Basic physical mechanisms behind the QWIP operation have been reviewed by Levine et al. ' . In principle, the photon is detected by an excitation of an electron fkom a QW ground state to a higher state. These electrons are supplied by doping the quantum well 3,4,50r by tunneling into the well through a thin emitter contact layer 6,778.
AAehards, excitation of the charge it is swept away Gtom the QW to the collector contact due to an external electric field.
The infrared optical properties of the tunneling emitter-undoped single quantum well detectors (See Fig. 1 ) are particularly interesting because of the filling of the quantum well, and hence the optical response is strongly dependent on the bias voltage. The optical response of such a structure was first studied by Liu et al. 697 using a fixed frequency CO;! laser. Later Bandara et a1.8 performed a series of experiments on a single 3 quantum well enclosed by asymmetric barriers. including measurements of the dark current, responsivity, and gain of such a detector.
In this work we have measured the dark current at temperature T = 77 K, and compared the results with numerical calculations in a similar tunneling emitter-undoped single quantum well structure. The structure, as shown Fig. I(a) , consists of an un-doped I quantum well with thin emitter barrier and thick collector barrier, bounded by doped contact layers. The main idea of the asymmetric barriers was to tunnel electrons fiom the emitter to QW and suppress tunneling out ofthe QW. In our calculations, we take . into account the electron conduction process through the structure, especially the resonance tunneling current from the emitter to the quantum well ground state energy level. The resonance tunneling current equation was derived using the transfer Hamiltonian description of resonance tunneling', considering the emitter three dimensional electron gas and a two dimensional ground state energy level in the QW.
Also the non-resonance current from the emitter, thermally excited field emission c-t h m the quantum well, and the themionic emission current components fiom . . the emitter and the quantum well were included in the numerical calculation. This paper is organized in the following way. In Sec. 2, growth, processing of the used structure and the experimental techniques are described. In Sec. 3, the detailed theory and the current behavior are discussed. Next, the results and discussion are presented in Sec. 4. The asymmetry of the dark current in forward and reverse biased directions, the characteristics of the resonance current, voltage distribution among the barriers and electron density variation in the QW are presented. Our theoretical model provides a good agreement between the calculated and measured current-voltage relation for several orders of magnitude in current.
DEVICE FABRICATION AND EXPERIMENTAL MEASUREMENT
The structure used in this work is shown schematically in Fig. la The dark current through the structure for both forward and reverse directions was measked at 77 K in the bias voltages 0 to 500 mV with 10 mV increment steps. The forward bias direction refers to the emitter contact being negative (Le. thin emitter barrier negative) and collector being ground (i.e. thick collector barrier ground) and vice versa (See Fig. l(b) ).
IILTHEORY 5
In this part. the current components are described as a function of bias applied over the structure. The double barrier structure is shown in Fig 
6
In addition to the above current process there is a thermionic emission current above the emitter barrier, and a thermally assisted tunneling current 1 : ; (Ve) from the triangular part of the emitter barrier (Le. in the energy range (AEc -Ve) to AEc), which is not I injected into the quantum well. Then the total current through the structure I( V, , V, ) is
given by the Eq.s:
In principle the resonance condition is hifilled when the QW ground state is aligned with the Fermi level in the contact. However, we consider the system to be in resonance as long as the CB electrons in the emitter can tunnel to the QW ground state energy level below the emitter conduction band edge; Er < 0) there will be no accumulation of carriers in the quantum well and the total current is given by
Here, I : ' ( V,) is the current in the energy range zero to AEc (i.e. from the conduction band minimum). The field emission current from the empty-quantum well is due to the thermal generation of carriers.
The externally applied bias voltage through the structure V b is given by the Eq. 
Here the capacitance of the thin emitter, thick collector and quantum well are given by The average three dimensional electron density n in the well can be given by
The symbols have their usual meaning. In this study the main interest is the resonance current which is calculated by the "Transfer Hamiltonian formalism" considering tunneling of electrons from the three dimensional electron gas in the emitter to the two 8 dimensional electron gas in the quantum well. The resonance current can be shown to be')
where IMe+w l 2 is the matrix element for the transition fiom emitter to quantum well.
The analytic expression is obtained by matching ,wave functions that are solutions of the Schrtidinger equations for emitter and QW regions and given by
Here X is the length of the contact layer which will cancels out, A is the device area, ml, and mz are the effective electron masses in the GaAs and AlXGa1,,As iayers, respectively. The symbol i$, is the effective mean barrier height for the emitter barrier Et, = (AE, -Ve)/2 , where E , is the conduction band discontinuity given by the aluminum alloy composition. The symbols k and K are given by
The non-resonance tunneling current from the emitter and the two-dimensional field emission current from the well are given by the Eq.s (9) and (10). ' .' *' .
Here T is the temperature and Te( E, V,) and TC (E, V, ) are the non-resonance tunneling coefficients given by the WKB approximation for the emitter and collector barriers respectively. In order to calculate the thermionic emission current, the tunneling coefficients were assumed to be unity above the barriers. In Eq. where Fc=Vc/Lc is the collector electric field, p is the mobility, and vs is the electron saturation velocity.
IV. RESULTS AND DISCUSSION
10 'The dark current across the structure was measured from 10 to 500 mV at liquid nitrogen temperature for both forward and reverse directions. In our structure the forward biased direction is with positive bias on the substrate. The current-voltage behavior at 77 K is shown in Fig. 2 . The reverse current is one order of magnitude larger than the forward current, and the overall shape of the curves are similar expect for a I broad peak in the forward current due to the resonance contribution. Here we focus on the process generating the forward current which is of direct interest as it is a limitation in the QWIP performance. In the forward direction, the current, shown in Fig. 2, increased steadily in the interval 10 to 320 mV with a pronounced kink (denoted by the . arrow) at around 150 mV. AAer passing through a broad resonance peak at around 350 mV, the current again started to increase steadily from 410 mV upwards.
The dependence of the current in the bias range 10 to 4 10 mV is described Eq. (1) under the condition given by Eq. (2). For bias voltages larger than 4 10 mV where E 1 has dropped below the conduction band minimum, the behavior can be explained by Eq (3).
Figuie 3 shows the comparison of theoretical and experimental forward IV characteristics. In this work, we have included the resonance tunneling, non-resonance -x* tunneling and thermionic emission current contributions as described in the Eq. (1) to (1 1) and the dark current was calculated for the structure at T=77 K. The result is shown by the circular symbols in Fig. 3 . In the numerical calculation for E,. > 0, the quantum well Fermi energy E : w was calculated under the condition given by Eq (2) and fitting the mobility p=2000 cmgNs and vS=5x106 c d s in Eq ( I 1). After dropping of El below the conduction band (i.e. E, < 0 ) the total current was calculated according to the Eq . , .."* ' .
(3). The calculated points in Fig. 3 describe the general increase of the dark current and apparent the broad peak in the 300 -360 mV bias voltage range resulting from resonant tunneling. Figure 4 shows the calculated resonant tunneling contribution to the total dark current as bias voltage varies across the device and it maximize around 350 mV bias voltage.
In order to understand the appearance of the reproducible kink at 150 mV the resonance current variation was carefully investigated with bias voltage. In the calculated resonance current, which is shown in Fig. 4 , h& a minimum at around 135 mV.
. Negative current below 200 mV indicates a change in the direction of the resonance current (i.e. from well to emitter contact). This minimum resonant current (or maximum reverse-resonance current) around 135 mW could be the reason for observing a kink in the experimental forward current. However, our forward current calculation did not indicate any kink at 135 mV bias or elsewhere. Furthermore, the difference between the voltages corresponding to the experimental kink and the theoretical resonance current miniinum is 15 mV. These differences could be due to the possible uncertainty in the parameter values of the structure, such as aluminum alloy composition, thicknesses of the AlxGal-xAs layers and GaAs layer and doping density in the contact layers used in the calculation.
Also results of this calculations provide bias voltage distribution across the barriers and the quantum well and the variation of carrier density in the quantum well. The theoretical and experimental results both gave the resonance peak at 350 mV bias. The calculated voltage distribution across the structure is shown in Fig. 5 . These results indicate that E,=43.6 meV corresponds to the maximum resonance current.
Therefore, our study indicates that the maximum resonance current does not necessarily occur at the point where the ground state energy of the QW aligns with the emitter conduction band minimum. Similar behavior in resonant tunneling current were predicted by Schuiman" and explained by considering different in-plane effective mass in the emitter and well. Fig. 6 shows the calculated electron density variation in the QW under bias. The drop in electron density at higher bias voltages is due to decrease in the r e s o k t tunneling current as indicated in the fig. 4 . Unlike in previous calculations*, the non-abruptness in the decreasing electron density may have resulted from non-zero operating temperature and inclusion of finite size of the barriers in the resonant tunneling formula ( Eq. 7). The electron density is observed to be maximum at 320 mV.
Therefore, the photocurrent of the structure is expected to show similar behavior with a peak at 320 mV.
V. CONCLUSION
Well agreement between theory and experiment indicates that the carrier transport process through such quantum well structures is due to the combined effects of resonance tunneling, non-resonance tunneling, and thermionic emission. This theoretical model predicts the variation of electron density in the quantum well, and barrier band bending with the applied bias voltage, that are valuable in understanding and optimizing undoped tunneling QWIP device structures.
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